The present study investigates the potential use of non-catalyzed water-soluble blocked polyurethane prepolymer (PUP) as a bifiinctional cross-linker for collagenous scaffolds. The effect of concentration (5,10,15 and 20%), time (4,6,12 and 24 h), medium volume (50,100,200 and 300%) and pH (7.4,8.2,9 and 10) over stability, microstructure and tensile mechanical behavior of acellular pericardial matrix was studied. The cross-linking index increased up to 81% while the denaturation temperature increased up to 12 °C after PUP crosslinking. PUP-treated scaffold resisted the collagenase degradation (0.167 ± 0.14 mmol/g of liberated amine groups vs. 598 ± 60 mmol/g for non-cross-linked matrix). The collagen fiber network was coated with PUP while viscoelastic properties were altered after cross-linking. The treatment of the pericardial scaffold with PUP allows (i) different densities of cross-linking depending of the process parameters and (ii) tensile properties similar to glutaraldehyde method.
Introduction
The use of natural tissues for manufacturing tissue engineering scaffolds has been increased in the last years [1] . Among them, bovine pericardium is widely employed in the construction of heart valves [2-4], vascular grafts [5, 6] and patches for abdominal or vaginal wall repair [7, 8] . Pericardial tissue contains mainly type 1 collagen hierarchically arranged at different levels of organization with structures such as fibrils, fibers, fiber bundles and laminates [9] . The network of collagen fibers is embedded in an amorphous matrix [10] [11] [12] . Therefore, the pericardial tissue can be considered as a pliable multilaminate composite, which shows nonlinear and anisotropic mechanical behavior [13] .
The use of tissue-derived biomaterials requires a pretreatment aimed to reduce the degradation, reduce the immunogenicity and sterilize the tissue [2, 14] . Several cross-linking methods have been used in order to obtain the ideal procedure to stabilize the collagenbased structure while keeping its mechanical properties. Some of the agents that have been used include glutaraldehyde (GA), genipin [15] , triglycidylamine [16] , carbodiimide (EDC) [17, 18] , epoxy compound [19] , proanthocyanidin [20] , as well as enzymatic [21] or photochemical approaches [22] . Other successful methods for tissuestabilization make use of macromolecules such as polyacrylamide hydrogel [23] , Jeffamines™ [17] epoxy-terminated polyether [24] and chitosan [25] . The cross-linking process enhances the stability of the collagen matrices, but this treatment should not interfere with cellular ingrowth and angiogenesis [15, 26, 27] . Thus a precise control of the cross-linking density will provide a method for regulating the structure-property relationships in biological scaffolds [14] .
On the other hand, polyurethanes are versatile materials in which the mechanical and biological properties can be tuned depending on the structure of their monomers, i.e., diisocyanates and macrodiols. Hexamethylene diisocyanate [28] [29] [30] [31] and polyurethane oligomers [32] have been used as cross-linking agents for biomaterials of biological origin. Despite the low degradation associated to macrophages [29] and low toxicity over fibroblasts [30] , the use of diisocyanate as collagen cross-linker has drawbacks related to collagen denaturation by the use of organic solvent [31 ] and diffusion problems of the cross-linker into the matrix [32] . Bearing this in mind, blocked polyurethane prepolymers (PUP) may offer an advantage due to the high water solubility and reduced risk of manipulation.
The reaction between diisocyanates and hydroxyl-ended poly(ethylene oxide) has been explored in order to yield PUP or macrodiisocyanates. This isocyanate-terminated prepolymer can react with bisulphite salts as proposed by Petersen [33] and explored by Guise et al. [34, 35] to obtain water-soluble PUP with carbamoylsulfonate-protected isocyanate groups. If protected groups are deblocked in aqueous medium, isocyanate groups are generated and the resulting PUP could be used for cross-linking of collagen molecules. These reactions have been used for the re-tanning of leather [36] , Therefore, the purpose of this study was to investigate the capacity to stabilize a bovine pericardium scaffold through their interaction in aqueous media with PUP. Furthermore, the properties of the cross-linked matrix were studied depending on reaction conditions such as concentration, time, volume and pH. For comparison purposes, non-cross-linked acellular tissue and one cross-linked with GA or EDC were used as controls. The indicators of stability for PUPtreated scaffold were the shrinkage temperature, the amine content and the resistance to collagenase degradation. As the crosslinking process can alter the tissue structural features, the effect of PUP cross-linking on mechanical properties was established during the course of this work.
Materials and methods

Materials
2.1.1. Tissue preparation Bovine pericardium was obtained from a local slaughterhouse immediately after slaughter, rinsed with distilled water to remove blood and body fluids and dissected to remove the external fat. Five 50x40 mm sections and twelve 15x30 mm orthogonal sections were cut on the heart ventral surface of two pericardial sacs for the stability and mechanical evaluations, respectively. From twelve sections, six specimens corresponded to the root-to-apex direction (reference, labeled as 0°) and six were perpendicular to them (labeled as 90° or transversal). From each 15 x 30 mm sample, three strips of 5 x 30 mm were obtained, which were marked with small cuts on the ends to identify the direction and, in turn, randomly divided into three groups.
2.1.2.
Chemicals The cross-linker based on carbamoylsulfonate-ended polyurethane prepolymer (PUP) was synthesized according to the method previously described by . The PUP used in this study is based on the macrodiol poly(ethylene oxide) of 1000 Da (SigmaAldrich) and hexamethylene diisocyanate (HD1 Aliphatic isocyanates Luxanate HM, Lyondell). Poly(ethylene glycol) was used in the procedure as it is known to increases the surface hydrophilicity in many synthetic biomaterials [37] and because it improves the hemo-compatibility and calcification resistance in cross-linked tissue [38, 39] .
Glutaraldehyde (GA), magnesium oxide, disodium piperazine-1,4-diethanesulphonate hydrate (PIPES), l-(3-dimethyl amino propyl)-3-ethyl carbodiimide hydrochloride (EDC) and collagenase type 1 were purchased from SigmaAldrich while ninhydrin from Merck.
Methods
2.2.1. Tissue decellularization Pericardial tissue was decellularized according to the protocol based on the non-ionic detergent tridecyl alcohol ethoxylate. This decellularization method preserves the collagen structural network, anisotropy, tensile modulus, tensile strength and maximum strain at failure of native pericardial matrix [40] .
Tissue cross-linking
procedure with PUP Cross-linking reaction was carried out by PUP addition to hydrated decellularized tissue in saline buffer solutions (SBS, 0.9% NaCl, 0.03 M PIPES pH 7.4) under orbital agitation (30 rpm) for 3 h at 24 °C. After this conditioning step, the pH of the solution dropped from 7.4 to 6.6. In a second reaction step, magnesium oxide (MgO) was added to increase the pH and the cross-linking reaction was at different times. The cross-linking was halted by removing PUP-treated tissues from the solution and washing them thoroughly with distilled water and SBS containing 0.03 M EDTA Finally, cross-linked samples were stored at 4 °C in SBS until the physicochemical and mechanical evaluations were carried out.
The variables studied for the cross-linking reaction were PUP concentration, reaction time, pH and reaction medium volume.
PUP concentrations: 5, 10, 15 or 25% v/v of PUP was added to tissue/SBS (1:1, g:ml) keeping the pH 8.2 during 12 h.
Cross-linking time: 15% v/v of PUP was added to tissue/SBS (1:1, g:ml), the pH adjusted to 8.2 and the cross-linking reaction followed during 4, 6, 12 or 24 h.
Cross-linking pH: 0.05, 0.2, 0.5 or 1% v/v of MgO was added to increase the pH in the second reaction step until close to the values 7.4, 8.2, 9 and 10. Reaction was conducted with a relationship 1:1 (g:ml) of tissue/SBS, 15% v/v of PUP and stopped at 12 h.
Reaction volume: Ratios 1:0.5,1:1,1:2 and 1:3 (g:ml) of tissue/SBS were used. Cross-linking was conducted with 15% v/v of PUP, at pH 8.2 and stopped at 12 h. Acellular bovine pericardium cross-linked with GA (0.625%, 24 h, pH 7.4,24 °C) or EDC (0.1 M, 24 h, pH 7.4,24 °C) [41 ] was used as control. The samples were then characterized as follows.
Thermal stability tests
The denaturation (Td) or shrinkage (Ts) temperature was determined in all modified samples by either differential scanning calorimetry (DSC 7, Pyrusl, Perkin-Elmer) or standard method ASTM D-6076-97 [42] . When DSC was used, hydrated samples (5-9 mg) were placed in aluminum pans for liquids and then sealed hermetically. The experiments were performed in triplicate from 40 to 140 °C at a heating rate of 10 °C/min. Td is reported as the temperature at the peak of the endothermic transition during the first DSC trace. Enthalpy (AH), height and half-width of the denaturation peaks were calculated after a baseline was drawn. In the second method, hydrated tissue strips (5x20 mm) were placed between two clamps (one static and one mobile) of an Otto Spechs equipment (70435, Stuttgart, Germany) and heated in distillated water from 40 to 90 °C at 3 °C/min. Ts is recorded as the water temperature in which the onset of tissue shrinkage is detected.
Cross-linking
index test Density of the cross-linking was determined by changes in concentration of residual amines [NH2] by means of ninhydrin assay [41] . Hydrated samples were placed in contact with an aqueous citrate (pH 5.0) solution containing 1.0% w/v of ninhydrin and then heated at 95 °C for 20 min. Finally, the solutions were cooled to 25 °C and their optic densities were measured at 567 nm (UV-vis spectrophotometer, Beckman Coulter DU 650). After this, samples were lyophilized and weighted. [NH2] (mmol/g of dry tissue) was calculated using the molar absorptivity (g) for the blue-violet dye (Ruhemann's purple) of 1640 ml/mol-cm. The cross-linking index was expressed as the percentage change in [NH2] of non-cross-linked tissue after cross-linking.
Resistance towards collagenase digestion
Resistance to enzymatic degradation of the cross-linked matrix was determined by the weight loss and the amines released when tissue was incubated in a solution containing collagenase. For these experiments, hydrated tissue samples (-100 mg) were incubated in 1 ml of 0.05 M Tris-HCl solution (pH 7.4) containing 0.03% w/v NaN3, 0.25 mg/ml collagenase type 1 (288 U/mg solid) of Clostridum histolyticum and 0.005 M CaCl2-2H20 for 20 h at 37 °C. Then, samples were removed from collagenase solution, washed with Tris-HCl buffered solution containing 0.03% NaN3 and 0.005 M EDTA, lyophilized and weighted. The weight loss was obtained using the wet/dry ratio of degraded and non-degraded samples. The amines released from tissue were determined in the supernatant using the ninhydrin assay described previously. 100 jjI of the supernatant with and without (as blank) digestion of non-cross-linked and cross-linked tissue was used.
2.2.6.
Swelling
Thickness of pericardial matrix was determined prior and after cross-linking with GA or PUP (15% v/v, pH 9,12 h) using a Mitutoyo Elecount micrometer. In another experimental set, the masses of non-cross-linked and cross-linked tissue stored in saline solution were determined prior and after drying at 60 °C for 20 h. The swelling was expressed as the percentage of change in thickness and in water content of pericardial tissue after cross-linking.
Tensile mechanical
properties The mechanical evaluations were carried out with non-cross-linked-, GA-cross-linked-and (15%, pH 9, 12 h) PUP-cross-linked-tissue strips. The mean thickness of each strip was determined by series of measurements at four different points using a Mitutoyo Elecount micrometer. Specimens with an effective gauge length of 20 mm were placed in an electromechanical tensile testing machine (Instron 4411) adapted with a transparent chamber and immersed in a saline solution heated at 37 °C by a thermostatic bath (Unitronic 6320200) [43] . Then, stress relaxation tests were performed by stretching first the tissue strip to a given stress of 200 kPa using a crosshead speed of 50 mm/min; the movable crosshead was then stopped and the load from the tissue recorded over 100 s. After this, the stress relaxation tests were repeated using 1000 kPa as the initial stress. Finally, tissue strips were unloaded and then re-stretched to rupture at an extension rate of 1.8 mm/min.
The axial force was measured with the tensile testing machine by means of a 100 N load cell (Instron 2519-101) and the elongation by the internal LVDT sensor. The crosshead displacement was taken as a direct measurement of the sample elongation, since the compliance of the sample had been estimated as 100 times that of the equipment. Prior and after each stress relaxation test, few load cycles between 0 and 0.1 N were applied to every sample until a reproducible response with a negligible hysteresis loop was achieved.
Mechanical
properties analysis For stress relaxation tests, the ratio of stress at a time t, o(t), to the initial stress (ct0) was plotted versus time on a logarithmic scale. These curves were fitted by linear regression in two zones [44] ; an initial relaxation slope between 0 and 1 s and a final relaxation slope between 1 and 100 s. The stress relaxation ratio at 100 s was calculated as the ratio of a0 to Q(100 S).
Stress-strain relationships for all the tests were derived from loaddisplacement curves. Strain was obtained by dividing the increment of specimen length by initial length, and stress was calculated as the applied load divided by the initial cross-sectional area (widthx thickness). The tissue elastic modulus was assessed from the slope at the linear stiff region, displayed at high stresses. The pericardium specimen rupture was characterized by the stress and strain at the point when the first layer of the tissue failed, identified by a sudden drop of the load. The tangent modulus, calculated as the first derivative of the stress-strain curve, was obtained for the initial region (between 0 and 0.6 MPa) of the stress-strain curves, and fit to a straight line [10] to compute its initial slope.
SEM analysis
The morphology and structural integrity of acellular and (15% v/v, pH 9, 12 h) PUP cross-linked tissue samples was observed by low-vacuum scanning electron microscopy (SEM, JEOL, JSM 6360LV). For this, wet samples were frozen with liquid nitrogen and then examined by SEM.
In vitro mineralization test
The mineralization within tissue cross-linked with PUP (15%, SBS/ tissue 1:1 ml:g, pH 8.2, 12 h) was performed using simulated body fluid (Kokubo's SBF) [25] . Samples were soaked in SBF for 14 days at 37 °C under orbital agitation (30 rpm). The solution was replaced every two days by fresh SBF. In order to determine the calcium and phosphorus accumulation in samples, specimens were rinsed in water, vacuum dried and weighed. The dry samples were hydrolyzed in 6 N HC1 at 100 °C for 24 h and calcium content was quantified by atomic absorption spectrometry, and phosphorus by a molybdate reagent solution (Fluka analytical) [45] . Calcium and phosphorus levels are expressed as mg/g dry weight tissue.
Statistical
analysis The statistical analysis was performed with one-way analysis of variances (ANOVA). The Sidak-Holm Test was used for the comparison between data groups. The results were considered significantly at p values less than 0.05 and presented as mean ± standard deviation (SD).
Results
PUP processed pericardial
tissue stability 3.1.1. Effect of the processing time and concentration PUP treated tissue showed different levels of stability, as both the shrinkage temperature (Ts) and the cross-linking index (CI) depended on the cross-linking time and the PUP concentration. The Ts increased until 12 h of reaction (pH 8.2,15% PUP) but no statistical change was observed thereafter (Table 1) . Moreover, no significant changes were observed in Ts when the reaction (pH 8.2,12 h) proceeds with 15 or 25% of PUP (Table 1 ). The Ts of the control materials, i.e., non-cross-linked tissue and GA-treated tissue was 66.7 ±1.2 °C and 81.5 ±1.2 °C, respectively. The CI reached a constant value of 53.7% after 6 h of reaction (pH 8.2,15% PUP), but it increased up to 70% with a PUP concentration of 25% (pH 8.2,12 h).
Effect of the processing pH
Both the Ts and the CI increased with pH in the second step of the cross-linking process (Fig. 1) . The highest CI achieved in PUP-treated material was 82%, whereas the GA-treated tissue reached one of 89.7 ±1.5%. The Ts increased 13 °C when decellularized tissue was treated with PUP at pH 10 (Fig. la) . The resistance towards collagenase digestion was evaluated as the concentration of soluble fragments of collagen released to solution after cleaving peptide bonds and the retained solid mass. Significant changes in the two parameters used to evaluate the enzymatic resistance were observed (Fig. lb) . The amount of amine released from non-cross-linked matrix to the supernatant was lower in tissue treated with PUP or GA. GA-treated matrix, as control, liberated only 1.38 ± 1.0 mmol/g of amine after degradation. The remaining mass in all stabilized samples was close to 90%, while it was 40% for non-cross-linked (Fig. lb) . Table 1 Effect of cross-linking reaction time and PUP concentration on the shrinkage temperature (Ts) and cross-linking index (CI) of PUP-treated pericardial matrix. 
Effect of time
a: was more severe than in PUP-treated samples (Table 3 ). In addition, the mean thickness of the stabilized pericardial tissue samples was higher and statistically different than non-cross-linked tissue mean thickness. In spite of these differences, PUP-treated tissue retained the collagen network of non-cross-linked tissue (Fig. 3) . Collagen fibers, randomly orientated and stacked in layers, in acellular pericardium were also coated with PUP after cross-linking as observed by SEM on the tissue fibrosa surface (Fig. 3) .
Effect of the processing volume
Both the Ts and the CI showed lower values with higher reaction volume in PUP-treated matrix (Fig. 2a) . Nonetheless, the enzymatic degradation resistance for PUP-treated tissue was independent of the cross-linking degrees (Fig. 2b) . The DSC results confirmed the participation of PUP in the collagen cross-linking and validated the relationship between reaction volume and the stability differences (Table 2) . DSC profiles of PUP-treated matrix revealed an increase of 12 °C in Td of non-cross-linked matrix. The denaturation peak's width at half-height in the PUP-treated pericardium was higher than in the control tissue (decellularized, GA, EDC), on the other hand, samples treated with PUP at a lower dilution factor showed a higher half-width (Table 2) .
Swelling and micro structural characteristics
A stabilization-related adverse phenomenon is the drop in tissue hydration after cross-linking. Dehydration induced by GA or EDC treatment 1 : 0.5 
Mineralization in SBF
After 14 days' incubation in SBF, PUP-treated tissue showed similar calcium and phosphorus content compared to acellular non-crosslinked tissue (Fig. 4) . The highest calcium and phosphorus content corresponded to GA-treated pericardium. However, levels of calcium and phosphorus showed a wide variation in tissue samples treated with GA.
Mechanical
properties of processed pericardial tissue 3.4.1. Stress relaxation properties The stress relaxation was used to compare the viscoelastic properties of acellular and cross-linked pericardial tissue (Fig. 5) . Stress relaxation at 100 s was reduced after cross-linking of pericardial tissue with GA or PUP for both strip directions (Table 4) . Moreover, this difference was observed at both initial stress levels of 200 kPa and 1000 kPa (Table 4) .
Stress-strain
response The stress-strain response of acellular tissue is dependent on the strips' direction, however, this dependence disappeared after matrix cross-linking (Fig. 6a) . For non-cross-linked tissue, the transition point between the compliant portion of the stress-strain curves and the stiffer one occurred at higher strains in the transversal direction than in the root-to-apex strips (Fig. 6b) . The modification of the stress-strain response after crosslinking is highlighted with the tangent modulus vs. stress curves [10] , as shown in Fig. 7 , that along with the elastic modulus are independent of the orthogonal directions after cross-linking (Table 5) .
Tensile strength and strain at rupture
The cross-linking of pericardial scaffold with GA or PUP caused a reduction in the tensile strength, but increasing the strain at rupture (Fig. 8) . Nonetheless, these mechanical properties were similar in matrix treated with PUP and GA. In acellular pericardial matrix, the rupture parameters were higher for the transversal direction than for root-to-apex direction but this dependence was reduced in cross-linked ones (Fig. 8) .
Discussion
Biological scaffolds for tissue engineering should not only provide mechanical support for cell proliferation but also must be stable to control the degradation rates. It is well know that stabilization of tissue-derived biomaterial is a result of cross-linking reactions between two reactive sites in collagen and bi-functional molecules, i.e., cross-linkers. The cross-linking process as well as its extension impacts the mechanical properties [15, 16] , biodegradation [14, 29] and porosity [46] of collagenous tissues. In this study we propose the potential use of a water-soluble polyurethane prepolymer (PUP) as a Afunctional cross-linker for collagenous scaffolds by studying the effect of reaction parameters on the cross-linking density and the tensile properties of acellular pericardial matrix.
Effect of cross-linking parameters on stability
Being that PUP was obtained from poly(ethylene glycol) and that isocyanates were blocked by the formation of carbamoylsulfonate end groups [33] [34] [35] [36] , the cross-linking process was carried out in aqueous medium. The medium pH control solves the diffusion problems, as evidenced by the complete coating of the collagen network with PUP (Fig. 3) . PUP diffusion into the tissue without or with reduced crosslinking reactions is favored by an initial pH of 6.6. An increase in collagen stability occurs with an increase of reaction pH (Fig. 1) . Isocyanate groups in PUP can potentially react with collagen functional side groups, such as -NH2, -OH, -COOH or -NHCO-, when reaction conditions are appropriated. Nucleophilic attack by non-protonated amines on slightly electropositive carbonyl carbon of the isocyanate groups occurs at relatively higher rates compared to other functional groups [32] . Formation of cross-linking urea bonds is promoted by the high concentration of both PUP and -NH2 (when pH is increased), this in turn, is translated as an increase in both the Ts and the CI (Table 1, Fig. 1 ). In contrast, the increment of the medium volume produces a diminution of Ts and CI (Fig. 2) . It is possible that high solvent:tissue ratios can induce a diminution in the apparent reactivity of PUP and/or promote secondary reactions between water and isocyanate groups or intra-molecular reactions between PUP molecules. Although the ninhydrin assay provides information regarding free amines, the presence of less free amine is not a precise manner for assessing tissue stability due to masking reactions, Table 4 Stress relaxation parameters for non-cross-linked (NC) and PUP-(15% v/v, pH 9,12 h) or glutaraldehyde-(GA) cross-linked pericardial matrix in both orthogonal directions. i.e., reactions on one end only of the bi-functional cross-linker. The relationship between CI and temperature of the collagen transition from triple helix to a random coil conformation indicates few masking reactions and, therefore an effective cross-linking. The resistance towards collagenase digestion confirmed the stabilization of tissue with PUP. It is possible that PUP incorporation allowed smaller interstitial spaces impeding enzyme infiltration into tissue and therefore limiting the initial potential degradation to superficial damage. In this regard, Oosthuysen et al. [23] reported a possible mechanism of protection from enzymatic attack by hydrogel filled tissue due to the spatial exclusion of proteases and/or steric interactions. Furthermore, Wei et al. [46] reported a decline of the resistance against collagenase degradation in porous tissues, attributed to more ready penetration of enzymes. In our case, the collagen fiber network is covered with PUP ( Fig. 3 ) which can provide protection to the collagen peptide bonds at all levels of structural organization. PUP can be incorporated into the tissue in different ways according to its molecular weight distribution and the molecular weight of PEG. The stability of PUP-treated tissue was similar to the GA-treated one under certain reaction conditions, however, half-width of the DSC endothermic peak revealed some differences between PUP and GA methods ( Table 2 ). The collagen triple helices cross-linked via a short cross-linker (GA or EDC) behave as molecules more resistant to unfolding than if a long cross-linker is used [17] such as PUP. This can be associated to a lower cooperation of hierarchy structural levels in PUP-cross-linked collagen to respond to the melting of ordained structure than in collagen cross-linked with GA. The influence of the dilution factor on the half-width of the denaturation peak (Table 2) is probably related to the number or distribution of the cross-linking sites.
The low level of dehydration in pericardial tissue treated with PUP, unlike that with GA or EDC (Table 3) , can be related to the hydrophilic nature of PEG segments in PUP. A more hydrophilic biomaterial can allow a better tissue fluid infiltration and diffusion in addition to in-growth of capillary blood vessels [17] and inhibition of the cell adhesion and spreading [38] . Regarding the preliminary behavior of in vitro mineralization, non-cross-linking and PUP-cross-linking process yielded similar results in calcium and phosphorus accumulation after standard incubation in SBF (Fig. 4) .
Effect of cross-linking on mechanical properties
The time-dependent viscoelastic properties of cross-linked and acellular tissue strips were characterized in a physiologically mimicked 0.3 Stress (MPa) Fig. 7 . Representative tangent modulus vs. stress curves for non-cross-linked and cross-linked strips in transversal (90°, black) and root-to-apex (0°, gray) directions.
Table 5
Stiffness parameters for non-cross-linked (NC) and PUP-(15% v/v, pH 9, 12 h) or glutaraldehyde-(GA) cross-linked pericardial matrix in both orthogonal directions. The reduction of tensile modulus (Table 5) and mechanical anisotropy at rupture (Fig. 8) after PUP cross-linking are also indicative of the fixation of the collagen fibers, which are structured like laminar composite. In cross-linked pericardial tissue, the collagen fibers are poorly aligned in the direction of applied charge (Fig. 6 ). The increment of strain at rupture (Fig. 8) has been associated to tissue shrinkage during the cross-linking process [47] .
The results of the present study indicate that the polymeric structure, flexibility and hydrophilicity of the PUP cross-linker do not affect the tensile mechanical properties of bovine pericardial tissue ( Fig. 8) being as effective as the GA cross-linker. However, collagen fiber network was retained after PUP-cross-linking also providing resistance to enzymatic degradation. As a final comment we can say that the tissue stabilization with the novel method described in this study resulted in different extensions of cross-linking, preservation of the porous structure and rupture features but alteration of the viscoelastic behavior at similar levels to GA method. In agreement with the use of the pericardial matrix as tissue engineering scaffold, the cell-material interactions and the effect of PUP cross-linking extension over cell adhesion to material are being studied along with the effect of biodegradation products of PUP-stabilized collagen on cellular viability and they will be the subjects for another paper.
Conclusions
The treatment of a biological scaffold with PUP is an effective method for stabilizing collagen, while showing tensile properties comparable to the GA-treated one. The collagen network is coated with PUP which increases its resistance to collagenase digestion but retains porosity.
The degree of the cross-linking with PUP is controlled by process parameters (pH, volume); exhibiting up to 81% of blocked amines and 12 °C of denaturation temperature higher than the acellular pericardial scaffold.
